Blood-borne human immunodeficiency virus type 1 (HIV-1) crosses the blood-brain barrier (BBB) to induce brain dysfunction. How HIV-1 crosses the BBB is unclear. Most work has focused on the ability of infected immune cells to cross the BBB, with less attention devoted to the study of free virus. Since the HIV-1 coat glycoprotein gp120 can cross the BBB, we postulated that gp120 might be key in determining whether free virus can cross the BBB. We used radioactive virions which do (Env ؉ ) or do not (Env ؊ ) bear the envelope proteins to characterize the ability of HIV-1 to be taken up by the murine BBB. In vivo and in vitro studies showed that the envelope proteins are key to the uptake of free virus and that uptake was enhanced by wheat germ agglutinin, strongly suggesting that the envelope proteins induce viral adsorptive endocytosis and transcytosis in brain endothelia. Capillary depletion showed that Env ؉ virus completely crossed the vascular BBB to enter the parenchyma of the brain. Virus also entered the cerebrospinal fluid, suggesting passage across the choroid plexus as well. About 0.22% of the intravenously injected dose was taken up per g of brain. In vitro studies showed that postinternalization membrane cohesion (membrane binding not reversed with acid wash or cell lysis) was a regulated event. Intact virus was recovered from the brain endothelial cytosol and was effluxed from the endothelial cells. These results show that free HIV-1 can cross the BBB by an event related to adsorptive endocytosis and mediated by the envelope proteins.
Human immunodeficiency virus type 1 (HIV-1) produces clinically significant effects on brain function in about 25% of patients with AIDS. These effects range from cognitive impairments to central diabetes insipidus (29, 34) . Entry of virus into the central nervous system (CNS) occurs early in the course of HIV-1 infection, predating neurological symptoms and even seroconversion in some patients (1, 59) . HIV-1 does not infect neurons and is thought to produce its effects by infecting microglia and astrocytes (1, 3, 64) .
To produce these effects on brain, HIV-1 must cross the blood-brain barrier (BBB). Disruption of the BBB is minimal in AIDS (21, 31, 56) , and so the virus must negotiate a BBB that is largely intact. Several mechanisms have been suggested for how HIV-1 could cross the BBB (6) . One mechanism is that HIV, like togavirus, murine retrovirus, and mumps virus, could first infect the cells which comprise the BBB. HIV-1 has been reported to infect both the brain endothelial cells (1, 3, 55, 64) , which comprise the vascular arm of the BBB, and the choroid plexus, which forms the blood-cerebrospinal fluid (CSF) barrier (3, 22) . In vitro studies have shown that HIV-1 can infect brain endothelial cells (47) (48) (49) .
The "Trojan horse" mechanism postulates that infected macrophages cross-activated brain endothelial cells to take up residence in the CNS as infected microglial cells (51, 53) . Brain endothelial cells and immune cells activated by cytokines or infection overexpress adhesion molecules and their ligands, promoting the binding of circulating immune cells to brain vasculature (36) . Such binding could be the first step in diapedesis, the passage of immune cells across the BBB (44) . This close proximity could also facilitate the passage of virus between the infected immune cell and the brain endothelial cell, analogous to the transfer of virus between infected immune cells and epithelial cells (14) .
Finally, free virus may also cross the BBB. Fewer data exist on this mechanism, possibly due to the difficulty of studying virus in available models. HIV-1 has been shown in vitro to cross brain endothelial cell monolayers by mechanisms enhanced by tumor necrosis factor alpha and cocaine (16, 69) .
The mechanisms by which HIV enters the brain is important. The model for passage of infected immune cells across the BBB has emphasized the CNS as a reservoir of virus for the reinfection of the periphery and mechanisms for neuronal loss and immune cell invasion to explain CNS dysfunction. The ability of cell-free virus to cross the BBB, in contrast, could emphasize the periphery as a continuous source for viral presentation to the CNS. Although free virus that had crossed the BBB would then be available to infect microglia and astrocytes, this model would be more consistent with recent observations suggesting that a large component of neuroAIDS is due to a metabolic encephalopathy that can be reversed when the peripheral viral load is decreased (27) .
We have proposed that gp120 could be an important and unifying element for the several mechanisms by which HIV-1 has been suggested to cross the BBB (5) . The HIV-1 glyco-proteins are initially expressed as a polyprotein precursor, gp160, which is cleaved during transport to the cell surface to generate the surface glycoprotein gp120 and the transmembrane glycoprotein gp41. HIV-1 expresses as its viral coat the glycoprotein complex gp160, which is comprised of the integral membrane protein gp41 noncovalently bound to gp120. It is gp120 which binds to the CD4 receptor and coreceptor to initiate membrane fusion and entry into CD4 ϩ cell types (24) . In some cells, gp120 binds to galactosylcerimide binding sites (24) . However, CD4 and galactosylcerimide are absent from brain endothelial cells (47) , and so how gp120 could initiate viral uptake or facilitate the uptake of infected immune cells which express gp120 is not clear. Other glycoproteins, exemplified by wheat germ agglutinin (WGA), can cross the BBB by inducing a vesicular process termed adsorptive endocytosis (15, 61) . Adsorptive endocytosis, therefore, provides a classic mechanism by which a glycoprotein like gp120 can interact with the BBB to induce a vesicular pathway for the uptake and transport of virus across the BBB. Adsorptive endocytosis could also be a mechanism for cell to cell transmission of virus, a process dependent on gp120 and stimulated by WGA (19) . We have shown gp120 itself crosses the BBB by a process which resembles adsorptive endocytosis, with enhancement of passage by WGA (7, 10, 11) . Whether gp120 is important in the uptake by the brain of either free virus or infected immune cells is unclear.
Here we studied the transport across the BBB of radioactively labeled HIV-1 pseudoviruses after intravenous (i.v.) injection into mice. We determined the role of the gp120-gp41 complex by studying viruses which did (Env ϩ ) or did not (Env Ϫ ) bear envelope proteins. We also studied in vitro the ability of brain endothelial cells to take up and internalize virus and the ability of the virus to cohere to the membranes of the brain endothelial cell.
MATERIALS AND METHODS
Viral propagation. The plasmid construct for pNL4-3KFS was made by introducing an insertion at the 5Ј end of the env gene which produced a frameshift, thereby preventing Env protein expression (25) . HeLa cell expression produces noninfectious virus particles lacking gp120/gp41 (Env Ϫ ). When pNL4-3KFS is cotransfected with the T-cell-tropic Env expression plasmid pIII4-3env (50), the virions produced contained envelope proteins but still lacked a functional env gene (Env ϩ ). Virus was separated from cells by centrifugation at 1,000 ϫ g for 30 min, and the virus was then pelleted from this supernatant by ultracentrifugation at 105,000 ϫ g for 2 h.
Radioactive labeling. The Env ϩ and Env Ϫ pseudoviruses, recombinant glycoprotein gp120 SF (AIDS Reagent Program, Rockville, Md.), and bovine serum albumin (BSA; Sigma Chemical Co., St. Louis, Mo.) were labeled by the chloramine T method (excluding the sodium metabisulfite treatment), a method which can preserve viral infectivity and viral coat protein activity (26, 46) . One millicurie of 131 I (New England Nuclear, Boston, Mass.), 10 g of chloramine T, and 5.0 g of protein (virus or gp120) were incubated together for 60 s. 125 I was used to label albumin. The iodinated materials were purified by filtration on G-10 Sephadex (Sigma) columns. Incorporation of the radioactive I, as determined by trichloroacetic acid-brine precipitation, was greater than 90% for all materials, and the specific activities were estimated to be between 50 and 150 Ci/g of protein.
Determination of brain/ /serum ratios. Male CD-1 mice (Charles River Laboratories, Wilmington, Mass.) weighing 20 to 30 g were anesthetized with an intraperitoneal injection of 40% ethyl carbamate. The left jugular vein and right carotid artery were isolated. A volume of 0.2 ml of 1% BSA in lactated Ringer's solution was injected into the jugular vein. The injection contained 10 6 cpm of I-Env ϩ or I-Env Ϫ virus. Some injections also contained 125 I-labeled albumin (I-Alb) or WGA (10 g/mouse; Sigma). Between 1 and 180 min after injection, blood was obtained from the carotid artery, and the mouse was decapitated. The brain was removed, the pineal and pituitary glands were discarded, and the remainder was weighed; levels of radioactivity were determined in a dual gamma counter that can differentiate 125 I and 131 I. The whole blood was centrifuged at 5,000 ϫ g for 10 min at 4°C, and the level of radioactivity in the resulting serum was determined. The brain/serum ratio was calculated as (cpm/g of brain)/ (cpm/l of serum).
Measurement of unidirectional influx rate. The permeability of the BBB to virus was measured by determining the blood-to-brain influx rate (K i , in microliters per gram per minute) by multiple-time regression analysis. To adjust for the clearance of virus and I-Alb from the blood, exposure time (Expt) was calculated from the equation (13, 52) 
where Cpt is the level of radioactivity in serum at time t and is the dummy variable for time. Brain/serum ratios were plotted against Expt, and the regression line for the linear portion of the relation was calculated. The slope of this relation measures K i , and the intercept measures the distribution volume within brain at t ϭ 0 (V i , in microliters per gram). Lack of a statistically significant relation between the brain/ serum ratios and Expt indicates either that the substance does not cross the BBB or that a steady-state between influx and efflux has already been reached.
Calculation of the percentage of injected material taken up by the brain. The clearance of virus from blood was first characterized. The amount of radioactivity injected i.v. was divided by the level of radioactivity in serum to yield the percentage of injected radioactivity (%Inj) present in 1 ml of serum: %Inj/ml ϭ 100(cpm/ml of serum)/(cpm of injected radioactivity).
To calculate the percentage of the injected dose entering 1 g of brain, the %Inj/ml was divided by 1,000 to convert it to percent injected per microliter. The brain/serum ratios for virus were corrected for vascular contamination by subtracting the brain/serum ratio for albumin (10 l/g). The resulting brain/serum ratio was then multiplied by percent injected per microliter to yield percent injected per gram.
Capillary depletion. To determine whether virus completely crossed the BBB, we performed capillary depletion with the protocol adapted to mice (30) from rats (60) . CD-1 male mice anesthetized with intraperitoneal ethyl carbamate received an i.v. injection of 0.2 ml of lactated Ringer's solution containing 1% BSA, 3 ϫ 10 6 cpm of virus, and 3 ϫ 10 6 cpm of I-Alb. Blood from the abdominal aorta was collected, and the cerebral cortex was removed 60 min after i.v. injection. The cerebral cortex was weighed and emulsified with a glass homogenizer (10 strokes) in 0.8 ml of physiological buffer (10 mM HEPES, 141 mM NaCl, 4 mM KCl, 2.8 mM CaCl 2 , 1 mM MgSO 4 , 1 mM NaH 2 PO 4 , 10 mM D-glucose [adjusted to pH 7.4]). Dextran solution (1.6 ml of a 26% solution) was added to the homogenate, which was vortexed and homogenized again (three strokes). Homogenization was performed at 4°C in less than 1 min. An aliquot of the homogenate was centrifuged at 5,400 ϫ g for 15 min at 4°C in a Beckman TL-100 ultracentrifuge with a TLS-55 swinging-bucket rotor. The pellet containing the brain vasculature and the supernatant containing the brain parenchyma were carefully separated. The levels of radioactivity in these fractions and in the aortic serum were determined in a gamma counter. The fractions were expressed as volumes of distribution in microliters per gram, and the parenchymal fraction for virus was corrected for vascular contamination by subtracting the value for the parenchymal fraction for albumin (Pv). The amount of virus retained by brain capillaries (V) was measured by the volume of distribution for the vascular fraction from this experiment.
In another group of mice, the vascular space was washed out to rid the brain of any labeled virus that might be loosely adhering to the luminal side of the capillaries. Sixty minutes after the i.v. injection, the abdominal aorta was severed and arterial blood was collected. The thorax was then opened to expose the heart, both jugular veins were severed, the descending thoracic aorta was clamped, and 20 ml of lactated Ringer's solution injected into the left ventricle of the heart within about 1 min. The cerebral cortex and serum were obtained and processed as described above to obtain parenchyma and brain vasculature fractions. The washed-out parenchyma fraction for virus was corrected by subtracting the parenchyma value for albumin (Pvw). The amount of virus which had crossed the BBB to enter the parenchyma space of the brain was measured by Pvw. The amount of virus reversibly bound by brain vasculature is given by subtracting Pvw from Pv. The total amount of virus exceeding the vascular space of the brain (defined here as the albumin space) is Pv plus V.
Collection of CSF. Each of the mice anesthetized with ethyl carbamate received an i.v. injection of 13 ϫ 10 6 cpm of I-Env ϩ virus and 13 ϫ 10 6 cpm of I-Alb. Sixty minutes later, the scalp was removed from the posterior aspect of the head, exposing the muscles overlying the posterior fossa. A 30-gauge needle connected to a length of PE-10 tubing was inserted into the posterior fossa with the head in a dependent position. CSF was collected into the PE-10 tubing by capillary action. After collection of about 10 l of CSF, the tubing was removed, arterial blood was collected from the previously exposed carotid artery, the mouse was decapitated, and the whole brain was removed. The exact amount of CSF (in microliters) collected was determined by measuring the length (in centimeters) of PE-10 tubing filled with CSF and multiplying by 0.668 (the internal volume of 1 cm of PE-10 tubing is 0.668 l). Only CSF that was absolutely clear was analyzed. The CSF, brain, and serum were counted in a gamma counter. The results were expressed as brain/serum (microliters per gram), CSF/serum (microliters per milliliter), and brain/CSF (milliliters per gram) ratios.
Isolation of brain microvessels. Murine cerebral microvessels were isolated by a modification of a method of Gerhart et al. (28) All reagent volumes were proportionately adjusted for the quantity of tissue processed; unless otherwise noted, all reagents were of cell culture quality and obtained from Sigma. All glassware and plastics were precoated with phosphate-buffered solution containing 1% BSA to minimize adhesion and to maximize recovery of microvessels. Briefly, 8 to 10 cerebral cortexes from adult male CD-1 mice were pooled and homogenized in cold stock buffer (25 mM HEPES, 1% dextran in minimum essential medium [Gibco BRL, Grand Island, N.Y.] [pH 7.4]) on ice. The homogenate was then filtered through a series of nylon mesh membranes (300-m pore size, followed by twice through 100-m pore size; Spectrum, Houston, Tex.), mixed with an equal volume of 40% dextran in stock buffer, and centrifuged at 5,000 ϫ g for 15 min at 4°C. The supernatant with a lipid layer was discarded, and the pellet was resuspended in stock buffer and filtered through a 25-m-pore-size nylon mesh membrane (Bio-Design, Carmel, N.Y.). The microvessels were washed from the surface of the membrane with stock buffer four times, collected, and centrifuged at 5,000 ϫ g for 15 min at 4°C. They were resuspended in incubation buffer (129 mM NaCl, 2.5 mM KCl, 7.4 mM Na 2 HPO 4 , 1.3 mM KH 2 PO 4 , 0.63 mM CaCl 2 , 0.74 mM MgSO 4 , 5.3 mM glucose, 0.1 mM ascorbic acid [pH 7.4]), a small aliquot being reserved for verification of an enriched microvessel preparation by light microscopy. About 97.5% of the cells isolated are capillary endothelial cells, 1.6% are fibroblast-like cells, 0.9% are erythrocytes, and there are no glia, neurons, synaptosomes, or synaptic complexes, although there are some other membrane profiles and myelin fragments (39) .
Uptake of virus by IBM. Isolated brain microvessels (IBM) were resuspended in fresh incubation buffer containing 1% BSA (2) to a concentration of about 2.5 mg of capillary protein/ml. Duplicate volumes of 45 l (100 g of microvessel protein) were mixed with 11 l of incubation buffer containing any additives and 4 l of buffer containing 10 5 cpm of I-Env ϩ virus (final volume of 60 l). At time zero (addition of I-Env ϩ virus), tubes were mixed and incubated at 37°C for 15 min unless otherwise indicated in Results. Microvessels were centrifuged at 10,000 ϫ g for 2 min at 4°C in a microcentrifuge, and the supernatants were collected. The pellets were washed with 400 l of incubation buffer and centrifuged at 10,000 ϫ g for 2 min at 4°C; this supernatant was added to the previous one. Both the combined supernatant (S) and the pellet (P) were counted in a gamma counter for 1 min. The percentage of total binding is taken as 100(P)/ (S ϩ P).
When measures in addition to percentage of total binding were made, the microvessel pellets resulting from the second incubation buffer wash were subjected to an acid wash procedure in which 400 l of cold acid wash buffer (0.028 M sodium acetate, 0.12 M NaCl, 0.02 M sodium barbital [pH 3.0]) was added to resuspend the pellets, followed by a 6-min incubation on ice. The tubes were then centrifuged at 10,000 ϫ g for 2 min at 4°C, and the supernatants were removed, and the level of radioactivity was determined in a gamma counter. The radioactivity in these tubes was taken to represent binding to the surface of the IBM that was reversible. Acid-washed microvessels were lysed according to the method of Lidinsky and Drewes (41) . Acid-washed microvessel pellets were resuspended in 400 l of distilled water containing 1% BSA and agitated for 2 h at 4°C. They were centrifuged at 15,000 ϫ g for 15 min at 4°C, supernatants were removed and saved, and pellets were resuspended and agitated for 1 h at 4°C. After centrifugation at 15,000 ϫ g for 15 min at 4°C, the supernatants were pooled with those from the first centrifugation. The level of radioactivity in the pooled supernatants (cytoplasmic fraction [C] ) and in the pellet (membrane fraction [M]) were determined in a gamma counter. Calculations for the various parameters were made as follows: total counts internalized (I) ϭ C ϩ M; total binding (TB) ϭ I ϩ reversible binding (RB); and total counts (TC) added to the tube ϭ TB ϩ S, where S is the combined supernatant of the initial wash as defined above. The parameters submitted to statistical analysis were %TB ϭ 100(TB)/TC; %RB ϭ 100(RB)/TC; %I ϭ 100(I)/TC; and %M ϭ 100(M)/I.
Efflux of virus from IBM. I-Env ϩ virus and IBM were incubated together at 37°C for 15 min. The mixture was then centrifuged in a microcentrifuge, the supernatants were removed, 400 l of nonradioactive buffer was added to wash the pellets, and the mixture was centrifuged again. The pelleted cells were resuspended in 400 l of fresh buffer containing no radioactivity and incubated at 37°C. At 15-min intervals for the next 1 h, these cells were repelleted, the supernatant (efflux supernatants) was collected, and the cells were resuspended in fresh, nonradioactive buffer and incubated at 37°C. The cells were collected after the last efflux supernatant was removed. The level of radioactivity in the cells and efflux supernatants was determined in a gamma counter. The amount of radioactivity available in the cells for efflux at time zero was determined by adding the amounts of radioactivity present in the cells at the end of the study to the total amount of radioactivity effluxed. Results were expressed as the percentage of this number.
Identification of radioactive material recovered from biological specimens. The radioactivity in the cell cytoplasm and effluxed by brain endothelial cells was characterized by two methods to determine whether it represented intact virus or shed proteins. The first method was to use a 4B-200 Sepharose column to separate virus, gp120, and smaller proteins based on molecular weight, with higher-molecular-weight substances eluting in earlier fractions. The elution profiles of radioactively labeled virus and gp120 were determined for a 4B-200 Sepharose (Sigma) column by eluting with 100-l aliquots of 0.25 M phosphate buffer. The elution profile of albumin was determined with methylene blue incubated with a 1% BSA solution in 0.25 M phosphate buffer. Peaks eluted at fractions 8 to 9 for the virus, at fractions 16 to 17 for gp120, and at fractions 21 to 22 for albumin.
The second characterization method was microcentrifugation (65) . Radioactivity was placed in 1 ml of a 12% sucrose solution in 0.25 M phosphate buffer, thoroughly mixed, and centrifuged at 20,800 ϫ g at 4°C for 2 h. Before and after centrifugation, a 100-l aliquot was removed and counted. The percentage of material pelleted was determined as [1 Ϫ (postcentrifugation cpm/precentrifugation cpm)] ϫ 100. The proportion of material pelleted were 64.4% Ϯ 4.0% for freshly iodinated virus and 16.5% Ϯ 2.2% for freshly labeled gp120.
Statistics. Means are reported with their n values and standard error of the mean and compared by analysis of variance. Analyses of groups of more than two means were followed by Duncan's or Newman-Keuls posttest, and the P values were reported for relevant statistically significant differences. Regression lines also were calculated by the least squares method with the Prism 3.0 program (GraphPad, Inc., San Diego, Calif.) and are reported with their slopes, intercepts, the error terms (standard deviation of the mean) for the slopes and intercepts, the number of points on which the regression is based (n), the correlation coefficient (r), and the level of significance for the correlation (P). Regression lines were compared for statistical differences with the Prism 3.0 program, which first determines whether there are differences between slopes and, if there are not, whether there are differences between intercepts.
RESULTS

In vivo analyses. Both Env
ϩ and Env Ϫ viruses and albumin had measurable rates of passage from blood to brain, as demonstrated by statistically significant relations between their brain/serum ratios and Expt (I-Env ϩ virus, n ϭ 10, r ϭ 0.951, P Ͻ 0.0001; I-Env Ϫ virus, n ϭ 12, r ϭ 0.958, P Ͻ 0.0001; I-Alb, n ϭ 8, r ϭ 0.850, P Ͻ 0.01) (Fig. 1) Viral clearance from blood followed a two-phase distribution pattern (Fig. 2 ). An early distribution phase occurred for the earliest time points (3 min or less), after which a plateau phase was reached. For Env ϩ virus, this plateau gave a value of about 8% Inj/ml ( Fig. 2A) , or a volume of distribution of about 12.5 ml. For Env Ϫ virus, the plateau was about 20% (Fig. 2B) , giving a volume of distribution of 5 ml, or a little over twice the vascular space of the mouse. Injection of WGA did not affect viral clearance except to increase the earliest time point.
The level of injected Env ϩ virus in the brain peaked at about 0.22%/g of brain (Fig. 3) . The peak occurred 60 min after injection and remained stable for 180 min after i.v. injection.
WGA acutely increased the uptake of Env ϩ virus but had no effect on Env Ϫ virus (Fig. 4) , consistent with a role for adsorptive endocytosis in viral uptake. Figure 4A shows a pilot study which indicated that WGA produced an immediate, short-term increase in the uptake of Env ϩ virus as previously seen for gp120. WGA had no statistically significant effect on Env Ϫ virus. Values below zero show when brain/serum ratios for virus were lower than those for coinjected I-Alb. Figure 4B shows results for mice that received an i. virus distributes into a slightly smaller vascular space in the brain than does serum albumin. No other differences occurred among these groups. This shows that WGA-enhanced adsorptive endocytosis is dependent on the presence of gp120 and gp41 envelope proteins in HIV-1. Capillary depletion was used to determine whether the IEnv ϩ taken up by the brain completely crossed the BBB or was sequestered by the capillary bed. The results showed that the majority of I-Env ϩ virus crossed the BBB completely to enter the brain parenchymal space (Table 1) . Smaller amounts of I-Env ϩ virus (less than 1 l/g) were reversibly bound to capillaries or were retained by capillaries.
CSF was collected to determine whether i.v.-injected Env ϩ could enter this compartment of the CNS. The entry of I-Env ϩ virus into CSF exceeded that of I-Alb, as shown by the CSF/ serum ratios (Fig. 5A) ; the brain/serum ratios for I-Env ϩ virus and I-Alb are also shown for comparison. The I-Alb value for brain/serum ratios represents primarily the vascular space of the brain. Properly collected CSF has no vascular component, and the albumin value for CSF/serum ratios primarily represents residual leakage of the BBB through extracellular pathways (4). Correction of brain/serum and CSF/serum ratios for I-Env ϩ virus by subtracting the I-Alb ratios yields more specific measures of viral uptake, even though I-Alb is correcting brain and CSF for different nonspecific measures. Figure 5B shows that the CSF/serum and brain/serum ratios corrected for the albumin spaces exceed zero, demonstrating that virus enters both compartments. The brain/CSF ratio exceeded unity, suggesting that the choroid plexus is less permeable to I-Env ϩ virus than is the vascular barrier.
In vitro analyses. In vitro incubation of IBM with I-Env ϩ virus showed that brain microvessels took up virus in a timedependent manner. Figure 6A compares I-Env ϩ virus uptake to I-Env Ϫ virus uptake for the first 90 min of incubation. The percent binding of I-Env Ϫ virus averaged 1.09% Ϯ 0.8% and did not increase over time. The highest value for I-Env Ϫ virus was lower than the lowest value for I-Env ϩ virus. This shows that Env proteins are crucial to the specific uptake of HIV-1 by the brain endothelial cells which comprise the BBB. Uptake of I-Env ϩ virus was rapid for about 15 min (Fig. 6A ) and then entered a more steady uptake phase which lasted at least 6 h (Fig. 6B) . WGA (50 g/ml) increased greatly (three to fivefold at most time points) the uptake of I-Env ϩ virus by IBM. We determined the fate of Env ϩ virus taken up by IBM. When cells were incubated for 2 h with I-Env ϩ virus, WGA increased the percentages of total binding, internalization, and reversible binding (Fig. 7A to C, respectively) of Env ϩ virus in a dose-response manner (n ϭ 5/concentration). This shows that the majority of Env ϩ taken up by IBM is internalized and very little is loosely bound to the surface. These results also (Fig. 7E ) from 95.8 Ϯ 0.5 with no WGA to 65.6 Ϯ 2.4 at 1,500 g of WGA per ml. This shows the majority of internalized virus is strongly integrated with, and perhaps fused to, the membrane compartment. The decrease in percentage of membrane coherence percent internalization increases shows both that internalization and membrane cohesion are separate processes and suggest that factors promoting the former are limited. Alternatively, WGA could inhibit membrane cohesion. The Prism software program determined that the two-site model was a better fit than the one-site model for the results shown in Fig. 7 .
To determine whether increasing WGA could decrease percentage of membrane coherence at short incubation times, an abbreviated dose-response curve was performed at a 15-min incubation period. WGA once again increased percentages of total binding, internalization, and reversible binding (Fig. 8A to C, respectively) in a dose-response manner (n ϭ 5/concentration). Values for membrane coherence (Fig. 8D) were similar to those in Fig. 7D , decreasing from 91.3% Ϯ 0.3% with no WGA to 65.3% Ϯ 0.8% at 1,500 g/ml of WGA.
Protamine sulfate (PS) is a polycation that can induce adsorptive endocytosis in brain endothelial cells (62, 63) and reverse gp120 membrane coherence (7). We determined whether PS at 1 mg/ml, an optimal dose for promoting gp120 membrane coherence (7) Fig.  9 (n ϭ 3/group) . The posttest showed that PS (1 mg/ml), WGA (50 g/ml), and PS plus WGA increased percentages of total binding, internalization, and reversible binding all at P Ͻ 0.05 or less. PS increased percentages of total binding and internalization more than WGA (P Ͻ 0.001), and PS plus WGA increased these values more than PS or WGA alone (P Ͻ 0.001). PS plus WGA also increased percentage reversible binding more than PS or WGA alone (P Ͻ 0.01). These results show that both WGA and PS alone or together promote viral binding and internalization by IBM. WGA and PS plus WGA decreased the percentage of membrane coherence (P Ͻ 0.01), but PS alone did not. This value was decreased more by PS plus WGA than by WGA alone (P Ͻ 0.01), again showing that WGA affects percentages of internalization and membrane coherence differently.
To determine whether the radioactivity internalized by IBM represented intact virus, we lysed the cells and submitted the resulting cytoplasm to Sepharose column chromatography. The radioactivity was derived from IBM incubated with Env ϩ virus and PS plus WGA to retard membrane coherence. The results (Fig. 10A) showed that 50.6% of the radioactivity eluted in the position of virus at fractions 7 to 10. Cytosolic radioactivity was also submitted to sucrose centrifugation; 32.1% less radioactivity was found in the postcentrifugation phase. This shows intact virus can reside inside brain endothelial cells and should be available for either infecting the cell or being effluxed to the luminal or abluminal surface.
To determine whether intact virus is effluxed from IBM, we preincubated Env ϩ virus with IBM, washed and transferred the IBM to nonradioactive media, and collected and characterized the effluxed radioactivity. Efflux was greatest during the first 15 min (Table 2 ). About 25% of the radioactivity effluxed during the first 15 min eluted on Sepharose as intact virus, with other peaks eluting in the region of I-gp 120 and of smaller proteins (Fig. 10B) . About 96.4% of effluxed radioactivity could be precipitated by acid. This shows that brain endothelial cells can discharge intact virus and viral proteins into their environment.
DISCUSSION
The purpose of these studies was to characterize the ability of HIV-1 to cross the BBB as free virus. The use of pseudotyped virions has distinct advantages for this purpose. By constructing virions with (Env ϩ ) and without (Env Ϫ ) envelope proteins, we were able to test the hypothesis that gp120/ gp41 is key to viral uptake by the BBB. The virions, even those with envelope proteins, do not carry the env gene and so do not produce infectious virions. This allows us to study events related to the uptake of an initial, exogenously administered viral load. These results, therefore, most closely reflect events during the early stage of HIV-1 invasion into the CNS before astrocytes and glial cells become infected. Major findings for this study are: (i) the Env proteins are necessary for the transport of i.v.-injected HIV-1 virions across the BBB; (ii) transport characteristics of Env ϩ virus resemble adsorptive endocytosis, including enhancement by WGA; (iii) virus likely enters the CNS at both the vascular BBB and the choroid plexus; (iv) the majority of virus taken up from the circulation completely crosses the BBB to enter the parenchymal and CSF compartments of the brain; (v) in vitro studies confirm the major in vivo findings, including the importance of Env proteins and adsorptive endocytosis-like mechanisms of uptake; (vi) Binding, internalization, postinternalization membrane cohesion, and efflux are identifiable phases in the uptake of Env The Env ϩ virus was taken up by the brain after i.v. injection into the mouse about seven times faster than albumin even though the virus is much larger than albumin. This shows that uptake of virus was not due to leakage or entry of virus through the extracellular pathways but involves mechanisms for selective permeability. Since the albumin and virus were coinjected, the possibility that virus induced a disruption of the BBB is ruled out, as the uptake of the smaller albumin molecule would have been at least as great as that of virus. The uptake of Env Ϫ virus was not statistically different from the uptake of albumin. This marked difference between the uptake rates of Env Ϫ and Env ϩ viruses shows the importance of envelope proteins in the uptake of free virus by the BBB. This role for envelope proteins in the uptake of free virus differs from the mechanisms proposed for the transport across the BBB of infected immune cells, which has emphasized the interaction of adhesion molecules and ligands (44) . A role for the envelope proteins in viral uptake is consistent with work by others. For example, virussized latex particles covalently coated with gp120 are taken up by epithelial cells (38) , the C1 region of gp120 determines endothelial tropism independently of macrophage or T-cell tropism (49) , and the CD4-independent uptake of HIV-1 by HeLa cells is gp120 dependent (45) . The presence of envelope proteins also increased the volume of distribution after i.v. injection two-to threefold (Fig. 2) , consistent with gp120/gp41 being important for the uptake of HIV-1 by non-CNS tissues.
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on January 29, 2018 by guest http://jvi.asm.org/ injection was 0.22/g of brain, a value higher than those for some centrally active substances such as morphine (0.018%), leptin (0.17%), biphalan (0.05%), or domoic acid (0.002%) (9, 12, 35, 57) . Uptake was also sustained, continuing for at least 3 h. This shows that a sizable percentage of virus can enter and be retained by the brain. WGA induced an acute, 15-fold increase in the uptake of Env ϩ virus but had no effect on the uptake of the Env Ϫ virus. This shows the WGA interaction was dependent on the presence of envelope proteins and is consistent with the adsorptive endocytosis hypothesis for HIV-1 uptake. The magnitude of the WGA-induced increase in the uptake of Env ϩ virus was similar to the 17-fold increase previously seen for free gp120 (10, 11) . The ability of WGA to induce uptake of Env ϩ virus suggests that the gp120 portion of the gp120/gp41 complex binds to the same sugars on the endothelial cell as WGA (sialic acid and N-acetylglucosamine). This is consistent with previous work with gp120, which shows that lectins which bind to sugars other than sialic acid and N-acetylglucosamine do not promote the transport of gp120 across the BBB (10) . When WGA binds to sialic acid and N-acetylglucosamine, it induces vesicle-mediated internalization of WGA by brain endothelial cells, termed adsorptive endocytosis (8, 17) . Lectin-induced vesicles provide the basis by which enveloped viruses in general are internalized by cells (43) . Together, these results strongly suggest that gp120 or gp120/gp41 induces adsorptive endocytosis and the uptake of HIV-1 by brain endothelial cells. Such uptake would provide a mechanism by which brain endothelial cells could become infected with free, blood-borne virus.
Infected brain endothelial cells could infect the brain by shedding virus from their abluminal surface into the brain interstitial fluid. Others have suggested that replication in endothelial cells is less important than direct viral transfer across the BBB (55). The results for capillary depletion show that Env ϩ virus taken up from blood is able to completely cross the BBB. In fact, very little Env ϩ virus was retained by brain endothelial cells; most was found in the brain parenchymal fraction. These results are similar to those previously found for free gp120. In most cases, the material taken up by adsorptive endocytotic pathways is effluxed back to the luminal surface of the brain endothelial cell (18, 58, 61) . Other pathways route the vesicles to lysosomes, the Golgi complex, and eventually the abluminal surface of the endothelial cell. HIV-1 has a major advantage in some of these pathways in that it is not degraded in lysosomes (14) . This work shows that at least some of the pathways for endocytosed HIV-1 are transcytotic.
The appearance of Env ϩ virus in the CSF also demonstrates that HIV-1 can enter a compartment of the CNS from the circulation. Whether virus in the CSF entered the CNS at the vascular barrier with diffusion through the interstitial fluid to CSF or crossed at the choroid plexus is unclear. The choroid plexus does take up HIV-1 (3, 22, 33) and is a vesicularly active tissue (37) . In contrast, material transported into the CSF does not penetrate deeply into brain tissue (42) . Brain/serum ratios, therefore, tend to reflect passage at the vascular barrier, whereas CSF/serum ratios tend to reflect passage at the choroid plexus, especially at early time points. The brain/CSF ratio of greater than unity has been suggested to indicate that the vascular barrier is the major site of entry. Most likely, HIV-1 crosses at both the vascular barrier and the choroid plexus.
The results with isolated brain microvessels confirmed and extended the in vivo findings. Env ϩ virus uptake was time dependent and enhanced by WGA. In contrast, the uptake of Env Ϫ virus was low, did not increase with time, and was not enhanced by WGA. As with gp120 uptake by IBM, the uptake of Env ϩ virus could be divided into reversible binding, internalization, and membrane coherence. With this method, the fate of material not effluxed to the luminal or abluminal surfaces can be followed. Consistent with models of adsorptive endocytosis, most of the material taken up was internalized (as opposed to reversible cell surface binding). In addition, almost all of the internalized material cohered to the membrane fraction after lysis of the cells (membrane coherence). Such coherence shows a strong association with the membranes that is likely irreversible. Similar membrane coherence has been shown for gp120 and is due to binding to the cell cytoskeleton (7) . Whether this membrane coherence represents viral fusion to the membrane is not clear. The percentage of internalized material showing postlysis membrane coherence decreased as internalization increased. This suggests that the intracellular substrates which mediate membrane coherence are limited relative to those which mediate internalization, which in turn suggests that this pathway could become overwhelmed with high viral titers in blood, which would shift more virus into the efflux and transcytotic routes. When these experiments were repeated after a 15-min incubation rather than 2 h, the results were nearly identical. This indicates that consumption of the rate-limiting membrane cohesion factor occurs rapidly. Consistent with this possibility, about 25% of the radioactivity effluxed from IBM eluted as free virus and the rest eluted as large proteins.
PS also can induce vesicularization of brain endothelial cells as do many other highly charged cations (32, 62, 63) . PS also increased binding and internalization of Env ϩ virus. At the concentrations tested, PS was more potent than WGA in inducing internalization but less potent at inhibiting membrane coherence. This demonstrates that binding and membrane coherence are separate processes, as previously suggested from work based on gp120 (7). Consistent with this decrease in membrane coherence, about half of the radioactivity recovered from the cytosol of these cells eluted as intact virus.
The ability of HIV-1 to interact with murine endothelial cells raises questions of species specificity. HIV-1 most readily infects CD4
ϩ primate immune cells. This species and tissue specificity is reinforced by blocks involving membrane fusion and Tat and Rev function (54, 66) . However, neither species nor tissue specificity is absolute, with some strains of HIV-1 better at overcoming the blocks than others (54) . Furthermore, rabbits can become infected with HIV-1 (23) and some types of CD4-negative cells (23, 40) , and lines of rodent cells can sup- (54) . Human brain endothelial cells take up HIV-1 by a CD4-independent mechanism. We have postulated that interactions between viral and cell surface glycoproteins induce adsorptive endocytosis in brain endothelial cells, a classic response which provides a mechanism for the uptake and passage of HIV-1 across the BBB. Specificity is determined by the sugars presented on the glycoproteins. The distribution of sialic acid and N-acetylglucosamine, the sugars to which WGA and possibly HIV-1 envelope proteins bind, show cell type and cell surface distribution specificity but are present on mouse, rat, and human brain endothelial cells (8, 20, 67, 68) and could explain how murine brain endothelial cells can readily take up a pathogen ordinarily so restricted to infecting humans.
In conclusion, in vivo and in vitro studies show that free HIV-1 can be taken up by brain endothelial cells and cross the BBB. The envelope proteins are critical to this process, in that they appear to induce adsorptive endocytosis and transcytosis.
